We present detailed low-temperature transport measurements of a single quantum dot formed in an InGaAs/InP heterostructure with a strong tunnel coupling to the source and drain leads. The conventional spin-1/2 Kondo effect is observed for the quantum dot in the N = 9 charge state. By changing the voltages applied to the quantum dot barrier gates, we find a zero-field splitting of the Kondo resonance and a zero-bias differential conductance, which shows a nonmonotonic in-plane magnetic field and temperature dependence. Using a two-site Hubbard model, we show that the main observed features can be explained in terms of Kondo correlation effects resulting from the exchange interaction between two localized spins.
I. INTRODUCTION
In recent years quantum dots made from semiconductor materials have received much attention due to their potential as building blocks for spintronic and quantum computing devices. 1 To realize these devices, studies of spin transport and spin coherence in semiconductor quantum dots are of great importance. One manifestation of a coherent spin state is the so-called Kondo effect, which in a quantum dot gives rise to an enhancement of the differential conductance at zero bias for temperatures below the characteristic Kondo temperature, T K . 2, 3 The conductance enhancement can be attributed to the formation of a coherent many-body state formed by electron spins on the leads and a single unpaired spin on the quantum dot. This conventional effect, usually referred to as the spin-1/2 Kondo effect, is expected to occur for an odd number of electrons on the dot and has been extensively studied in various quantum dot systems. [4] [5] [6] [7] [8] [9] [10] [11] In addition to the spin-1/2 Kondo effect, the large tunability of these systems has allowed for studies of different variants of the Kondo effect, such as Kondo correlation effects at singlet-triplet transitions for an even number of electrons on the dot, 6 ,12-14 the so-called orbital Kondo effect, 15 and the two-channel Kondo effect. 16 Moreover, the exchange coupling between a quantum dot and a nearby impurity, the so-called two-impurity Kondo effect, has attracted interest. [17] [18] [19] [20] [21] [22] [23] [24] Controlled coupling to intentional impurities has been achieved experimentally 17, 18 and can be understood in terms of the so-called RudermanKittel-Kasuya-Yosida (RKKY) interaction. 25, 26 However, the coupling to unintentional impurities is still not fully understood and further work is needed in order to gain knowledge of the origin of the impurities and the nature of the interaction. [22] [23] [24] In this work we present detailed results from a study of the conventional spin-1/2 Kondo effect and a gate-induced splitting of the same Kondo resonance in a lateral quantum dot with an odd occupation number at zero magnetic field. Zero-field splittings of Kondo resonances in single quantum dots have previously been reported in GaAs-based devices with intentional impurities 17, 18 and in carbon nanotube quantum dots where the splittings were attributed to interactions with unintentional magnetic impurities. [22] [23] [24] A zero-field splitting of the Kondo resonance has also been reported for an evenoccupation quantum dot with a total spin S = 1, 27 where the splitting was attributed to a singlet-triplet transition and an associated two-stage Kondo process in the presence of single channel leads. 12, 28, 29 We investigate Kondo correlation effects at the N = 9 charge state in our quantum dot and find that the zero-bias Kondo resonance associated with the spin-1/2 Kondo effect can be split into two peaks by changing the voltages applied to the barrier gates. The single Kondo resonance is restored when a finite magnetic field is applied. We theoretically model our system using a two-site Hubbard model and show that the Kondo restoration can be described by a two-impurity Kondo effect scenario. Additionally, the observed nonmonotonic temperature dependence of the linear response conductance is in agreement with theoretical predictions.
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II. EXPERIMENTAL TECHNIQUES
The quantum dot device was fabricated in a modulationdoped In 0.75 Ga 0.25 As/InP heterostructure containing a twodimensional electron gas (2DEG) in a 9-mm-thick InGaAs quantum well layer buried 40 nm below the surface. A 700-nm-long and 150-nm-wide quantum wire was defined in the 2DEG by wet chemical etching together with a quantum point contact (QPC) defined in close proximity to the quantum wire. A 20-nm thin film of HfO 2 was deposited locally on top of the device acting as a gate dielectric. Five local finger Ti/Au gates were fabricated over the quantum wire and one gate was fabricated on top of the QPC; 30 see Fig. 1 (a). Transport measurements were performed in a dilution refrigerator with a dc bias applied in a symmetric fashion to both the source and the drain contacts. All measurements were carried out at a refrigerated temperature of about 30 mK, corresponding to an electron temperature of about 100 mK unless otherwise noted. The local top gates lg3 and lg5 seen in Fig. 1(a) were used to define a single quantum dot in the quantum wire. The local gate lg4 was used to tune the dot occupation, whereas local gates lg1 and lg2 were grounded. The QPC gate lqpc was used to tune the conductance of the QPC to allow sensitive charge sensing of the quantum dot charge state. Fig. 1(c) . Neighboring even-occupation Coulomb diamonds do not show the zero-bias Kondo resonance, which suggests a spin-filling sequence of spin-up and spin-down electrons added consecutively to the dot, where only the odd-occupation Coulomb diamonds have a nonzero total spin. Following recent work, 31 we estimate the Kondo temperature T K ∼ 0.4 K from the full width at half maximum (FWHM) of ∼120 μV of the Kondo resonance in Fig. 1(d) using the expression FWHM = 2 √ πk B T K . The Kondo temperature can also be estimated from the tunnel coupling, which can be determined from the linear response conductance:
where U is the on-site Coulomb energy and = S + D is the sum of the tunnel rates to the source and drain leads. 32 Note that Eq. (1) is only valid in the center of the Coulomb blockade region. The Coulomb energy U = 3.0 meV is determined from half the width of the N = 9 Coulomb diamond, whereas is determined from line shape fits of the two Coulomb blockade peaks on either side of the N = 9 Coulomb blockade valley at T = 700 mK (k B T = 60 μeV) using the Breit-Wigner formula 33 (not shown). The evaluated tunnel coupling h ∼ 1.3 meV (h k B T ) satisfies the necessary condition to observe the Kondo effect, h > k B T K , in our sample. We calculate T K ∼ 1.8 K using the extracted values of U and from Eq. (1). This Kondo temperature is several times larger than the value determined from the Kondo resonance width. This discrepancy is most likely explained by uncertainty in the determination of .
Figure 2(a) shows the N = 9 Coulomb diamond with a magnetic field B = 2 T applied in the 2DEG plane in the direction along the wire. The zero-bias Kondo resonance is split into two peaks due to lifting of the spin degeneracy at a finite magnetic field, with the peak positions given by the Zeeman energy eV sd = ±g * 5 μ B B, where g * 5 is the effective g factor of the fifth single-particle level in the dot. Based on the splitting of the Kondo resonance we extract an effective g factor |g * 5 | ∼ 2.6, which is similar to what has previously been found in few-electron InGaAs quantum dots. 30, 34 dI/dV (e 2 /h) 0.5 0.1 
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Figure 2(b) shows the temperature dependence on a logarithmic temperature scale of the differential conductance at zero bias for V lg4 = −10 mV corresponding to the Kondo resonance in the N = 9 Coulomb blockade region. The logarithmic temperature decay of the conductance for T > 100 mK is further evidence that the zero-bias conductance peak stems from the spin-1/2 Kondo effect. The flat temperature response for T < 100 mK is most likely due to saturation of the electron temperature in the sample. Furthermore, we estimate the Kondo temperature T K ∼ 0.4 K by fitting the temperature dependence with the phenomenological expression
where we have used G 0 = 0.51 and s = 0.21; see the red solid line in Fig. 2(b) . The fact that the Kondo temperatures determined from the Kondo resonance FWHM and the temperature dependence agree well with each other suggests that the tunnel coupling h is overestimated as the Kondo temperature determined from Eq. (1) is significantly larger compared to the other estimations.
IV. TWO-IMPURITY KONDO EFFECT
We now present measurements where the barrier gate voltages have been slightly changed to V lg3 = −260 mV and V lg5 = −405 mV. As well as affecting the tunnel barriers and the lateral shape of the quantum dot, the decreased barrier gate voltage asymmetry may also change the exchange coupling to a nearby impurity. 17, 18, 24 Here, we look at the influence of the decreased asymmetry on the N = 9 Kondo resonance. Figure 3 (a) shows the N = 9 Coulomb diamond for the mentioned barrier gate voltage configuration with no external magnetic field applied. A clear dip in the overall peak at zero bias is visible with the dip extending into the direct tunneling region. The existence of the central dip in the peak suggests that a strong antiferromagnetic coupling between the spin on the quantum dot and a second spin suppresses the Kondo effect in this region. 19 This system can be characterized by two low-energy scales, the Kondo temperature k B T K given by the width Kondo resonance and the superexchange coupling E x given by the width of the dip. Taking half the splitting of the Kondo resonance as the superexchange coupling, we find E x ∼ 80 μeV. 19 Figure 3(b) shows the differential conductance of the split Kondo resonance as a function of V sd for various in-plane magnetic fields. The splitting in energy changes relatively little for small fields, B = 0 mT and B = ±100 mT, while the splitting becomes larger for large fields, B = ±1.5 T, due to the Zeeman effect. A detailed plot of the total splitting in energy E of the two peaks as a function of magnetic field is seen in Fig. 3(c) . Qualitatively, the splitting first decreases, plateaus out, and then increases for fields larger. The red solid guide to the eye illustrates this flat-bottomed behavior. The smallest energy splitting is observed for B = 225 mT [see also the traces in Fig. 3(b) ], which roughly coincides with the onset of the plateau in the peak splitting E in Fig. 3(c) .
Interestingly, the zero-bias differential conductance shows a nonmonotonic behavior as a function of applied magnetic field, see Fig. 3(d) , with a maximum conductance at B max = 225 mT, marked by the black arrow in the figure, corresponding to a Zeeman energy of |g * 5 |μ B B max ∼ 30 μeV. Looking again at the differential conductance traces at B = ±225 mT in Fig. 3(b) , which correspond to the peaks in the zero-bias conductance at positive and negative fields in Fig. 3(d) , we clearly see that the splitting has decreased and the single Kondo resonance is almost completely restored. Following the procedure given in the previous section we estimate T K ∼ 0.7 K, corresponding to k B T K ∼ 60 μeV, from the width of the restored Kondo resonance at B max , i.e., in the region where the antiferromagnetic coupling is suppressed. Importantly, we find that E x k B T K , which is consistent with theoretical predictions of two spins with antiferromagnetic coupling in the limit of T T K . 19 A small residual splitting of the Kondo resonance is seen from B ∼ 225 mT to B ∼ 650 mT in Fig. 3(c) . Theory predicts a complete restoration of the Kondo resonance when |g * 5 |μ B B max ≈ E x ; see below. The origin of this residual splitting is unknown but it might be related to a dynamical effect of the relative strengths of the exchange coupling and the Zeeman energy of the two interacting spins.
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In order to verify the presence of Kondo correlation effects in the system, we investigate the temperature dependence of the differential conductance at three different source-drain voltages [see Fig. 3(e) ], using V lg4 = −11 mV. For V sd = 80 μV (triangles) and V sd = −80 μV (squares), which correspond to the two peaks at positive and negative bias voltages where the antiferromagnetic coupling is suppressed, we see typical behavior of a Kondo resonance with a logarithmic decrease of the conductance as a function of temperature. However, for V sd = 0 μV (circles) the temperature dependence is nonmonotonic, reaching a maximum conductance at T max ∼ 300 mK (marked by the black arrow in the figure), corresponding to an energy of k B T max ∼ 30 μeV. The energy scales of T max and B max are in quantitative agreement, which suggests that the same underlying physical mechanism gives rise to the observed phenomena.
A likely physical explanation of the observed scenario is that the gate-induced splitting of the Kondo resonance is caused by a crossover between two different phases, a conventional spin-1/2 Kondo phase and a two-impurity Kondo phase. In this interpretation, one of the two impurity spins is the spin localized to the quantum dot, whereas the other spin resides close to the quantum dot, possibly in a trap state in the HfO 2 /semiconductor interface; see the schematic in Fig. 3(f) . The two spins will interact via an exchange coupling E x . In the weak-coupling regime (small E x ) the conventional Kondo effect dominates, leading to a zero-bias peak in the differential conductance. An increased coupling (large E x ) leads to a crossover to a different phase. The new phase is characterized by the formation of a spin-singlet state between the two interacting spins, i.e., an antiferromagnetic phase. The formation of the singlet state effectively locks the spin in the dot, thus suppressing the Kondo resonance around zero bias. For larger bias voltages, however, the system may occupy the higher-energy triplet state, leading to reestablishment of the Kondo resonance at the singlet-triplet degeneracy point. Our data are in agreement with these theoretical predictions. Furthermore, we find that the energy scales of the experimentally determined T max , B max , E x , and T K are all of the same order of magnitude. Finally, we note that E x /k B T K ∼ 1.3 suggests that the system is in a crossover phase with asymmetric tunnel coupling and not at the quantum critical point where E x /k B T K ∼ 2.5.
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V. THEORETICAL MODEL
In order to qualitatively describe the experimental results, we employ a two-site (i = 1 dot site and i = 2 impurity site) Hubbard model with a common on-site energy σ , and electron-electron repulsion U which is connected to the left and right leads:
where the transmission probability is defined as
, and In the Kondo regime, Eq. (3) is equivalent to the twoimpurity Kondo Hamiltonian
where S 1 and S 2 are the spin operators for the localized spins, and σ 1(2) is the local spin in the i = 1,2 contact region (1 ≡ L, and 2 ≡ R). For the sake of simplicity we consider the same Kondo strength J K for the dot and the magnetic impurity. the antiferromagnetic phase where the two localized spins are combined into a singlet state (E x k B T K ). When a magnetic field is applied, the Zeeman term is added to H:
The presence of a magnetic field tends to align the two localized spins, S z1 = S z2 . From the point of view of the dot, the superexchange coupling E x acts as an effective magnetic field generated by the magnetic impurity B exc = E x S z2 . Therefore, when the external magnetic field compensates the exchange field the Kondo restoration occurs and the transmission through the quantum dot shows a Kondo peak. By further increasing the magnetic field the Kondo resonance splits again and eventually the Kondo effect is suppressed. All these above-described features that are observed in the experiment are qualitatively reproduced by our numerical simulations shown in Fig. 4(a) . The figure illustrates the magnetic field dependence of the transmission T (hω). At B = 0 the transmission shows a double-peak structure with peaks at ω ≈ ±E x /2 due to the strong superexchange interaction (E x k B T K ). By increasing B one clearly observes that the splitting of T (hω) is destroyed and a resonance at the Fermi energy emerges restoring the Kondo effect around some critical magnetic field B c . By further increasing B the Kondo resonance splits again. In general for B, E x , and T K we find four peaks in the T (hω) corresponding to the possible states of the two antiferromagnetically coupled spin-1/2 impurities in a magnetic field. The restoration of the Kondo resonance takes place at the critical value g * 5 μ B B c ≈ E x where the two peaks merge together and give a central Kondo resonance. The value of B c corresponds to the special point where the antiferromagnetic singlet state formed by the dot spin and the magnetic impurity and the lowest component of the triplet state become degenerate. The evolution of the splitting E in the transmission is shown in Fig. 4 (b) that nicely agrees with the experimental finding shown in Fig. 3(c) . Finally, Fig. 4(c) shows the nonlinear conductance when the Kondo restoration occurs in qualitative agreement with the experimental result of Fig. 3(b) . In conclusion, these calculations support the physical interpretation of the experimental features in terms of magnetic-field-induced Kondo restoration within the twoimpurity Kondo effect scenario.
VI. DISCUSSION AND CONCLUSIONS
Zero-field splittings of Kondo resonances stemming from an unintentional two-impurity Kondo effect have been experimentally observed in carbon nanotubes. [22] [23] [24] Unlike Refs. 22 and 23, we have observed a gate-induced crossover and unlike Ref. 24 the temperature dependence of our data shows that the observed behavior indeed stems from Kondo correlation effects. A zero-field splitting of a Kondo resonance has also been observed in an even-occupation quantum dot 27 with a total spin S = 1 stemming from the two-stage Kondo effect. 28, 29 While the two-impurity and two-stage Kondo effects manifest themselves in a similar way, we believe that the two-stage Kondo effect is an unlikely physical explanation of our observations. The two-stage Kondo effect requires a higher spin state, i.e., S > 1/2, which is unlikely in our N = 9 quantum dot system as this would require a triple orbital degeneracy or near degeneracy with S = 3/2.
In summary, we have demonstrated a gate-induced crossover between a spin-1/2 Kondo phase and a phase which shows a splitting of the Kondo resonance in a quantum dot at zero magnetic field. We interpret the observed zero-field splitting of the Kondo resonance in terms of the two-impurity Kondo effect where the crossover is induced by a gate tunable exchange interaction between the dot electron and a localized impurity electron. We find qualitative agreement between experimental and theoretical results for the magnetic field dependence of the split resonance. We hope that our analysis of the unintentional two-impurity Kondo effect in the interacting and noninteracting regions in both the linear and nonlinear response regimes will help shed new light on the nature of the interactions between spins in quantum dots and impurities in the environment. Controlling or reducing unwanted interactions with the environment is of utmost importance for the realization of spintronic and quantum computational devices.
